ABSTRACT Interactions of tubulin with a number of guanine nucleotides modified at the 2' and 3' ribose hydroxyls were examined. Deoxy analogs of GTP were equal or superior to GTP in supporting tubulin polymerization, but analogs bearing either methyl or phosphate groups on the hydroxyls had significantly reduced ability to support polymerization. These substituted GTP analogs were hydrolyzed at the 5'-y-phosphate position, although less rapidly than GTP, at rates exceeding those of polymerization. GTP hydrolysis, however, was closely coupled to polymerization. Moreover, the partially active GTP analogs were not effective inhibitors of GTP-dependent polymerization. These data indicate that the substituted GTP analogs have reduced affinity for tubulin at the exchangeable site because ofsteric factors. No deoxy or substituted GDP analog was as effective as GDP itself in inhibiting GTP-supported tubulin polymerization. Furthermore, there was no apparent relationship between the ability of nucleoside 5'-triphosphates to support polymerization and that of nucleoside 5'-diphosphates to inhibit the reaction. These findings suggest that GTP and GDP may actually bind to different, mutually exclusive sites rather than to a single exchangeable site. Tubulin is critical in the formation of the mitotic spindle; thus, it is not surprising that a number of antineoplastic drugs specifically interact with tubulin and may exert their primary effect by interfering with its functions. Most of these drugs are empirically discovered complex alkaloids, and the basis for their interactions with tubulin remains obscure.
Microtubule assembly occurs when exchangeably bound GTP is hydrolyzed to GDP (5) (6) (7) (8) (9) (10) . This GDP is nonexchangeable in the microtubule but becomes exchangeable after microtubules are disassembled (6, 8, 9) . The nonexchangeable GTP is apparently not affected in the assembly-disassembly process, and its functions are unknown.
The development of agents interfering with these tubulinnucleotide interactions will, require a better understanding of the exchangeable and nonexchangeable GTP binding sites. As an initial, approach to this problem, we have sought to better define the specificity ofthe exchangeable GTP site by examining its ability to use ribose-modified analogs of GTP in supporting tubulin polymerization. Inhibitory effects of comparable GDP analogs were also examined and were found to differ substantially, from the GTP analogs in their order of activity. This suggests that the exchangeable GTP binding site actually consists of mutually exclusive nucleoside diphosphate and triphosphate binding sites.
MATERIALS AND METHODS
Materials. Vinblastine, myokinase, and pyruvate kinase were from Sigma; 2',3'-dideoxyguanosine 5'-triphosphate (ddGTP), guanosine 3'-monophosphate 5'-diphosphate (3'PGDP), and 2'-O-methylguanosine 5'-diphosphate (2'OMeGDP) were from P-L Biochemicals. Monosodium glutamate was from GIBCO, and stock solutions were adjusted to pH 6.6 with HC1. The purification of calf brain tubulin freed of unbound nucleotides by chromatography on Sephadex G-25; the repurification of GTP, dGTP, GDP, dGDP, and ATP; and the preparation of 3'-deoxyguanosine 5'-triphosphate (3'dGTP), 2'-O-methylguanosine 5'-triphosphate (2'OMeGTP), 3 '-0-methylguanosine 5'-triphosphate (3'OMeGTP), guanosine 3'-monophosphate 5'-triphosphate (3'PGTP), guanosine 2'-monophosphate 5'-triphosphate (2'PGTP), and guanosine 2'-monophosphate 5'-diphosphate (2'PGDP), have been described (4, (11) (12) (13) .
Other Nucleotides. Escherichia coli elongation factor G and ribosomes (11) were used to prepare 3'-deoxyguanosine 5'-diphosphate (3'dGDP), 3'-O-methylguanosine 5'-diphosphate (3'OMeGDP), and 2',3'-dideoxyguanosine 5'-diphosphate (ddGDP) from the corresponding 5'-triphosphates. Reaction mixtures were 30 mM MgClJ80 mM NH4Cl/50 mM imidazole HCl, pH 7.4/10 mM 2-mercaptoethanol containing ribosomes at 1.86 mg/ml, elongation factor G at 54 ug/ml, and 6-8 mM GTP analog. After an overnight incubation at 37°C, 0.5 ml of50% acetic acid was added per ml ofreaction mixture. After centrifugation and lyophilization, the GDP analogs were purified by triethylammonium bicarbonate gradient chromatography on DEAE-Sephadex A-25.
Radioactive Nucleotides. The method ofGlynn and Chappell (14) was used to prepare [ 10 mM dithiothreitol containing bovine serum albumin at 1 mg/ ml, pyruvate kinase at 0.33 mg/ml, and myokinase at 0.23 mg/ ml. After 4 hr at 370C the reaction mixture was incubated overnight at 20'C and then heated to 90'C for 5 min. All radioactive nucleotides were purified by triethylammonium bicarbonate gradient chromatography on DEAE-Sephadex A-25.
Assays. Tubulin polymerization was measured by turbidimetry (15) as described (4) . All reaction mixtures contained 1.0 M glutamate, tubulin at 1 mg/ml, and MgCI2 and nucleotides as indicated. Nucleotide hydrolysis was determined by following the formation of 32Pi from the radioactive nucleotides by thin-layer chromatography on polyethyleneimine-cellulose (4).
Nucleotide Purity. After thin-layer chromatography on polyethyleneimine-cellulose, no detectable contaminant was visualized in UV light in most of the preparations, indicating purity >95%. The 3'dGTP contained 10-15% 3'dGDP, and the ddGTP contained 5-10% ddGDP and 5-10% ofan unidentified contaminant remaining at the origin. The Fig. 3 ), comparable with that observed with microtubule-associated proteins (MAPs). The polymerized material is predominantly sheets of protofilaments rather than microtubules (unpublished results). This model system nevertheless has distinct advantages over MAP-dependent systems for nucleotide analog studies because the MAPs contain many contaminating enzymatic activities, including nucleoside diphosphate kinase and nucleoside triphosphatase (5, 7, 16) . The purified tubulin used here is electrophoretically homogeneous, has no significant nucleoside diphosphate kinase contamination and minimal ATPase activity, and contains 1.9 mol ofguanosine nucleotide per mol of tubulin (4).
We first compared polymerization with GTP with reactions supported by three deoxyguanosine nucleotides-dGTP, 3'dGTP, and ddGTP ( Fig. 1 ). All were highly effective in promoting polymerization; 3'dGTP and, especially, dGTP were superior to GTP itself. This superiority was manifested primarily by earlier onset of polymerization, most noticeable at lower nucleotide concentrations ( Fig. 1 C and D) . At 5 ,uM nucleotide (nucleotide/tubulin -1:2), significant partial polymerization occurred only with dGTP ( Fig. 1D) .
A very different pattern was observed when GTP analogs bearing methyl or phosphate groups on the 2' or 3' hydroxyls were examined for their ability to support polymerization ( Fig.  2 ). At 0.1 mM nucleotide, no polymerization occurred with either 2'PGTP or 3'PGTP, and polymerization with 2'OMeGTP and 3'OMeGTP occurred only after significant delays relative to the GTP-dependent reaction ( Fig. 2A) .
Although there is no apparent absolute requirement for Mg2e in glutamate-induced polymerization, the cation enhances the reaction (4) . We therefore examined the ability of the phosphorylated and methylated analogs to support polymerization in the presence of Mg2". At lower nucleotide concentrations, the relative activity of the analogs was unchanged, although onset of polymerization was accelerated with 2'OMeGTP and 3'OMeGTP as well as with GTP (compare Fig. 2A with Fig. 3 ). When the nucleotide concentration was increased to 1 mM, the polymerization reactions with GTP, 2'OMeGTP, and 3'OMeGTP were virtually identical, and a delayed polymerization occurred with 3'PGTP (see Fig. 2B ). There was still no polymerization with 2'PGTP. In all cases, analog-supported polymerization was cold reversible (data not shown).
We next examined the ability of tubulin to hydrolyze the 5'-y-phosphate ofthe partially active GTP analogs, correlating this directly with the polymerization reaction by removing aliquots for nucleotide analysis from cuvettes in which turbidity was being measured (Fig. 3) . The ATP control developed no significant turbidity and minimal Pi was formed. GTP hydrolysis began simultaneously with GTP-dependent polymerization, initially occurring at about a 1:1 molar ratio to tubulin polymerized, and followed by continuing, but slower, hydrolysis as polymerization approached its plateau.
The patterns of hydrolysis of 2'OMeGTP and 3'OMeGTP differed significantly from that of GTP. With both nucleotides, hydrolysis began =10 min before the onset of polymerization, accelerated as polymerization occurred, and then continued at a reduced rate as polymerization reached its plateau. The deceleration ofhydrolysis at the polymerization plateau was much more abrupt with 3'OMeGTP. The onset ofhydrolysis was later with 3'OMeGTP than with 2'OMeGTP, just as the onset of polymerization was later.
Biochemistry: Hamel . In addition to the components described in Materials and Methods, each 0.2-ml reaction mixture contained nucleotide at the above concentrations: curves 1, GTP; curves 2, 2'OMeGTP; curves 3, 3'OMeGTP; curves 4, 2'PGTP; curves 5, no nucleotide; curves 6, 3'PGTP. The reaction mixtures of B also contained 1 mM MgCl2. The graphs are composites of experiments in which the methylated or phosphorylated GTP analogs were compared with GTP and with reaction mixture without nucleotide.
Although no polymerization occurred with either 2'PGTP or 3'PGTP, both nucleotides were hydrolyzed at significant and comparable rates, which were nonetheless much lower than the rate of GTP hydrolysis.
The dissociation ofhydrolysis from polymerization with these nucleotides raises the question ofwhether it is tubulin or a contaminant that is the hydrolytic factor. As an approach to this question, we examined the effects of glutamate and vinblastine on the hydrolysis of the GTP analogs (Table 1) . Although glutamate dramatically enhances tubulin-dependent GTP hydrolysis (4), vinblastine inhibits the reaction (9) . Similar effects were observed with the GTP analogs, including 2'PGTP and 3'PGTP. In fact, even the low level ofATP hydrolysis was stimulated by glutamate and inhibited by vinblastine.
GDP Analogs. The substantially reduced activity of the methylated and phosphorylated GTP analogs in the polymerization reaction could represent either failure of these compounds to bind efficiently at the exchangeable GTP site or an ineffective binding reaction. In the latter case, the analogs should inhibit the GTP-dependent reaction, but no inhibitory effect was found with the analogs in 3-fold excess over GTP (data not presented). The partial activity of the methylated analogs in particular, however, made unambiguous interpretation of these experiments difficult. As GDP inhibits tubulin polymerization (4, 8, 10, 15, 17) , an alternative approach was to examine methylated and phosphorylated GDP analogs for inhibitory activity. We have previously shown that, in the absence of Mg2+, GTP-dependent polymerization of tubulin in glutamate is inhibited by equimolar GDP (4). The sensitivity of this system to GDP is substantially greater that that reported by most other workers studying MAP-dependent polymerization in the presence of Mg2e (8, 15, 17) . In a preliminary study (Fig. 4) (Fig. 5A) . Weak inhibitory effects could be demonstrated by increasing the GDP analog concentrations to 10 times that of GTP (Fig. 5B) . These weak inhibitory effects were not unexpected in view of the failure of the corresponding GTP analogs to inhibit polymerization, but we were surprised that there was no qualitative correlation between the relative inhibitory effects of the GDP analogs and the relative ability of the GTP analogs to support polymerization.
We therefore extended the analysis ofGDP analog inhibition to the deoxyguanosine analogs (Fig. 6) . Based on the high activity ofdGTP, 3'dGTP, and ddGTP in promoting tubulin polymerization, we had anticipated that dGDP, 3'dGDP, and ddGDP would be comparable with GDP in inhibiting polymerization. This was not the case. At 50 ,M nucleoside 5'-diphosphate (equimolar with GTP), only dGDP had significant inhibitory activity, and this was substantially less than that of GDP (see Fig. 6A ). Even when GDP analog concentrations were increased 10-fold, only a mild inhibitory effect was seen with 3'dGDP (a significantly less effective inhibitor than 2'OMeGDP) and no inhibitory effect was seen with ddGDP ( Fig. 6B ).
To summarize, the order ofguanine nucleotide ability to support tubulin polymerization was dGTP > 3'dGTP > GTP = ddGTP > 2'OMeGTP > 3'OMeGTP >>3'PGTP >> 2'PGTP. In contrast, the order ofinhibitory activity was GDP >> dGDP >> 2'OMeGDP = 3'PGDP > 3'dGDP = 2'PGDP > 3'OMeGDP > ddGDP. Geahlen and Haley have similarly reported that 8-azido analogs of GDP and GTP differed in their relative affinity for tubulin (18) .
DISCUSSION
We have examined the ability ofribose-modified analogs ofGTP to support glutamate-induced polymerization oftubulin, as well as concomitant nucleotide hydrolysis, and inhibitory effects of GDP analogs. The deoxyguanosine triphosphates (dGTP, 3'dGTP, and ddGTP) were all at least as effective as GTP in supporting tubulin polymerization at concentrations .15 A.M and, at lower concentrations 3'dGTP and, especially, dGTP were even more effective. Our result with dGTP is in agreement with that of Penningroth and Kirschner in MAP-dependent polymerization (19) . Analogs bearing methyl or phosphate substituents on the 2' and 3' ribose hydroxyls, however, were all significantly inferior to GTP in supporting tubulin polymerization; no polymerization at all was demonstrable with 2'PGTP. Furthermore, these substituted analogs of GTP were unable to inhibit GTP-dependent tubulin polymerization, indicating that they are poor competitors of GTP in binding to tubulin at the exchangeable site.
Because deoxyguanosine analogs have enhanced reactivity and all 2' and 3' hydroxyl substituted analogs have markedly decreased reactivity, the most reasonable conclusion is that the substituted analogs have reduced affinity for the exchangeable site due to steric interference. If correct, this implies that the Biochemistry: Hamel and Lin 
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Biochemistry: Hamel and Lin ribose hydroxyls are oriented toward the interior ofthe binding site, a conclusion strengthened by the finding of Geahlen and Haley (18) that a GTP analog modified in the guanine residue with a bulky azido group differed little from GTP in its affinity for the exchangeable site.
Intriguing findings were also obtained in the experiment in which nucleotide hydrolysis and tubulin polymerization were measured simultaneously. Although hydrolysis and polymerization occurred virtually simultaneously with GTP, the methylated and phosphorylated GTP analogs displayed quite different patterns. With 2'OMeGTP and 3'OMeGTP, significant hydrolysis occurred well before the onset of polymerization. With 2'PGTP and 3'PGTP, significant, although relatively slow, hydrolysisis occurred in the absence of polymerization. This finding of nucleotide hydrolysis, presumably at the exchangeable GTP site, without tubulin polymerization is the obverse of what occurs with guanyl-5'-yl methylenediphosphonate and guanyl-5'-yl imidodiphosphate, where polymerization without hydrolysis occurs (6) (7) (8) . Apparently, the methylated and phosphorylated GTP analogs can enter the exchangeable site and be hydrolyzed without being in the proper conformation for tubulin polymerization.
We have attributed the hydrolysis of 2'PGTP, 3'PGTP, 2'OMeGTP, and 3'OMeGTP to tubulin rather than to a contaminant for several reasons. First, there was little ATP hydrolysis. Second, there was no hydrolysis of the 2' or 3' phosphate groups of 2'PGTP and 3'PGTP (i.e., no [y-32P]GTP was formed). Third, both GTP hydrolysis and tubulin polymerization show similar, although not identical, dependence on increasing glutamate concentration (4) . Hydrolysis of all analogs showed similar dependence. Fourth, vinblastine inhibits both GTP hydrolysis and tubulin polymerization (9) . Analog hydrolysis was similarly inhibited. We should note, however, that the low level of ATP hydrolysis by our tubulin preparation was also stimulated by glutamate and inhibited by vinblastine. This may indicate that it is tubulin that is hydrolyzing ATP, as well as the GTP analogs, supporting the suggestion of Penningroth and Kirschner that, under appropriate conditions, any nucleotide can interact to some degree at the exchangeable GTP site (19) .
An unexpected finding was the lack ofcorrelation in the polymerization assay between the inhibitory effect of a 5'-diphosphate guanine nucleotide and the activity of the corresponding 5'-triphosphate nucleotide. For example, although ddGTP was comparable with GTP in supporting polymerization, ddGDP had no inhibitory effect. Conversely, although 2'PGTP was without activity in the polymerization assay, 2'PGDP had weak inhibitory activity. This weak inhibitory activity was comparable with that of 3'dGDP, although 3 'dGTP was always superior to GTP in supporting polymerization. * * Both because the GDP analogs we had prepared with elongation factor G and ribosomes (3'dGDP, ddGDP, and 3'OMeGDP) were among the least active inhibitors and because GDP seemed significantly more inhibitory in our system than in those of others (cf. refs. 8, 16, 17), we were concerned that the method of nucleotide preparation or purification could substantially affect the results obtained. To exclude this possibility, GDP was prepared from GTP with elongation factor G and ribosomes and purified by using the methodology described in the preparation of 3'dGDP, ddGDP, and 3'OMeGDP. This GDP (triethylammonium salt) was compared with the repurified GDP (lithium salt) used in the experiments described in Materials and Methods and to a commercial preparation of GDP (sodium salt). There was no significant difference in the inhibitory activity of the three GDP preparations.
It is difficult to explain these findings in terms of a single exchangeable guanine nucleotide binding site for both 5'-diphosphate and 5'-triphosphate nucleotides. An attractive alternative possibility is the existence of two mutually exclusive, perhaps overlapping, sites, one with high affinity for GTP, the other with high affinity for GDP, as shown below:
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Relative accessibility of the two sites could differ significantly under various conditions, offering the cell a mechanism for modulating microtubule assembly and disassembly. We have shown here, for example, that Mg2" dramatically reduces the inhibitory effect of GDP but has much less impact on GTP-supported polymerization. Similarly, specific in vivo reaction conditions could affect the degree ofinhibition obtained with GDP. The scheme presented above suggests the possibility that GTP could bind to the GDP site (EB in the diagram) with inhibition of polymerization, or GDP to the GTP site (EA in the diagram) with support ofpolymerization. This could explain the inhibitory effects of high concentrations of GTP observed by Jameson and Caplow (17) , leading these workers to postulate the existence of a low-affinity GTP binding site, and the observation of Carlier and Pantaloni (20) and MacNeal and Purich (10) that, under appropriate conditions, microtubule elongation can apparently occur with GDP.
